See also Berntorp E. If you know you will also see: population pharmacokinetics is the way to personalize and optimize prophylaxis in hemophilia.
Summary. Background: Single-chain recombinant coagulation factor VIII (rVIII-SingleChain) is a unique recombinant coagulation factor VIII molecule. Objectives: To: (i) characterize the population pharmacokinetics (PK) of rVIII-SingleChain in patients with severe hemophilia A; (ii) identify correlates of variability in rVIII-SingleChain PK; and (iii) simulate various dosing scenarios of rVIII-SingleChain. Patients/Methods: A population PK model was developed, based on FVIII activity levels of 130 patients with severe hemophilia A (n = 91 for ≥ 12-65 years; n = 39 for < 12 years) who had participated in a single-dose PK investigation with rVIII-SingleChain 50 IU kg À1 . PK sampling was performed for up to 96 h. Results: A two-compartment population PK model with first-order elimination adequately described FVIII activity. Body weight and predose level of von Willebrand factor were significant covariates on clearance, and body weight was a significant covariate on the central distribution volume. Simulations using the model with various dosing scenarios estimated that > 85% and > 93% of patients were predicted to maintain FVIII activity level above 1 IU dL À1 , at all times with three-times-weekly dosing (given on days 0, 2, and 4.5) at the lowest (20 IU kg
À1
) and highest (50 IU kg À1 ) doses, respectively. For twice weekly dosing (days 0 and 3.5) of 50 IU kg À1 rVIII-SingleChain, 62-80% of patients across
Introduction
Hemophilia A is a rare and serious X-linked recessive bleeding disorder that affects predominantly males and is characterized by a deficiency of coagulation factor VIII [1] . The recommended therapy for patients with hemophilia A is factor replacement therapy with a plasma-derived or recombinant coagulation FVIII (rFVIII) product, either in response to a bleeding episode (on-demand regimen) or to prevent bleeding (prophylaxis regimen). It has been shown that treatment of patients receiving a prophylaxis regimen is effective in reducing the number of bleeding episodes and preserving joint function [2] . Clinical guidelines for hemophilia A FVIII replacement therapy target FVIII activity levels of > 1 IU dL À1 (> 1% of normal) [3] , with the goal of (endogenous FVIII activity of < 1 IU dL À1 ) to moderate (FVIII activity of > 1 IU dL À1 to < 5 IU dL À1 ).
rVIII-SingleChain is a rFVIII molecule in which the heavy and light chains are covalently linked by a truncated B domain [4] . The novel design removes the furin cleavage site between the B and a3 domains, resulting in a singlechain molecule with a new N-glycosylation site. In vitro studies have shown that rVIII-SingleChain has a higher affinity for von Willebrand factor (VWF) than does rFVIII [5] , and binds more quickly and more efficiently to VWF than does wild-type FVIII [6] , leading to improved pharmacokinetic (PK) properties compared with full-length rFVIII [5, 7] . Furthermore, in vitro data show that rVIIISingleChain has a greater affinity for VWF than either NovoEight Ò or the human cell line-derived recombinant human FVIII [8] . These favorable characteristics of rVIIISingleChain could potentially overcome some of the major challenges in hemophilia care [7, 9] . Considering the high affinity of rVIII-SingleChain for VWF, the current population PK analysis aimed to evaluate the impact of endogenous VWF binding to FVIII on PK parameters. Population PK modeling approaches constitute a standard analysis method for observed clinical PK data, accounting for relevant sources of variability, such as individual covariates of body weight (WT) or age [10, 11] . Bj€ orkman et al. and Bolon previously described the relationships of FVIII pharmacokinetics (PK) to age and WT using a population PK model [12] [13] [14] .
The current analysis utilized individual PK data from two clinical studies (Table 1 ) to develop a model to describe the population PK of rVIII-SingleChain in patients with severe hemophilia A, and to identify potential determinants (demographic and clinical covariates) of interindividual PK variability. Additionally, the population PK model was utilized to simulate FVIII activity with various routine prophylaxis dosing regimens of rVIII-SingleChain.
Materials and methods

Study population
A PK model was developed based on the levels of FVIII activity in patients aged 1-65 years who had FVIII activity < 1 IU dL À1 and no detectable or history (personal or first-order relative) of FVIII inhibitors (neutralizing . Blood samples for PK assessments were collected before infusion (predose) and at 0.5, 1, 4, 8, 10, 24, 28, 48, 72 and, for some patients, up to 96 h after infusion for patients aged ≥ 12 years, and at predose and 1, 5, 10, 24 and 48 h after infusion for patients aged < 12 years.
Sampling and bioanalytic methods
A chromogenic assay was used to determine the FVIII activity in plasma samples. The assay was conducted in CSL Behring's Central Laboratory (Marburg, Germany) with the Coamatic test kit (Chromogenix, Essen, Germany), by use of the Behring Coagulation System (Siemens Healthcare Diagnostics, Marburg, Germany). According to the current guidelines for analytic assay validation, the acceptance criteria of accuracy, precision, repeatability, linearity, range and robustness were predefined and assessed as passed in the validation program. The lower limit of quantification (LLOQ) was 1 IU dL
Population PK model development A stepwise approach was used to construct the population PK model: the structural (compartmental PK) model was developed first, and this was followed by addition of the pharmacostatistical model, and finally the covariate model. The overall process of population PK model development was based on established regulatory guidance [15] .
Structural model The structural model described the disposition (distribution and elimination) of rVIII-SingleChain following intravenous administration, and also best characterized the PK data without consideration of interindividual variability (IIV). Model appropriateness was evaluated by the use of one-compartment, twocompartment and three-compartment PK models, and the best model was selected on the basis of the goodness of fit (GoF) and objective function value (OFV). Modeling was performed with the non-linear mixed-effect modeling software package NONMEM 7.2 (ICON Development Solutions, Ellicott City, MD, USA) [16] . R programming version 3.1.2 (R project open source; The R Foundation, Vienna, Austria; http://www.r-project.org) was used to generate the diagnostic plots.
For the FVIII activity PK models, endogenous FVIII activity levels were assumed not to be > 1 IU dL À1 , in order to maintain consistency with the prespecified study inclusion criteria. Endogenous FVIII activity and residual contributions from previous FVIII products to overall FVIII activity were estimated separately. Therefore, when patients had an observed FVIII activity of > 1 IU dL
À1
prior to receiving the first dose of rVIII-SingleChain, it was inferred that the observed plasma FVIII activity level represented a combination of: (i) endogenous FVIII activity; (ii) exponentially declining residual activity associated with previously administered FVIII products; and (iii) the net increase in FVIII activity levels resulting from administration of rVIII-SingleChain. However, if a patient's predose FVIII activity level was < 1 IU dL À1 , it was considered to be related to endogenous activity only. Missing drug concentrations were not imputed or accounted for in the model. Of 1714 samples assayed, 233 were below the assay LLOQ (BLQ), of which 130 samples were predose (as expected for patients with severe hemophilia A), and 103 were postdose and towards the end of the PK sampling period. No BLQ samples were reported between measurable concentrations. Therefore, all BLQ samples (6% of all samples) were omitted from the analysis [17] .
Pharmacostatistical model
The pharmacostatistical model comprised two components: the IIV model and the residual error model. The IIV model describes the unexplained random variability in individual values of the structural model parameters. IIV of the PK parameters was assumed to be log-normally distributed. IIV was estimated for clearance (CL), central distribution volume (V 1 ), and estimated endogenous FVIII activity. For the current PK analysis, the residual error model accounted for both additive and proportional error.
Covariate model Covariate assessment was performed to identify significant determinants of interindividual PK variability. Following development of the base model and estimation of individual model parameters, the relationship between covariates and IIV for CL and V 1 were investigated graphically prior to model significance testing. Covariates were selected on the basis of scientific interest, clinical interest, and/or prior knowledge. Two types of covariate (continuous and categorical) ( Table 2) were evaluated for their effects on CL and V 1 . A covariate was retained in the model if it significantly reduced the OFV (i.e. difference between the two OFVs of < 10.83 points; P < 0.001, 1 degree of freedom).
Assessment of model adequacy During model development, diagnostic plots, including predicted or individual predicted data versus observed data, and conditional weighted residuals versus time, were assessed. A visual predictive check (VPC) was performed to evaluate the performance of the final population PK model [18] . The VPC graphically assesses whether simulations from a model can reproduce the observed data. The median and the 5th and 95th percentiles of the concentration-time curves following 1000 simulations were superimposed with the observed data. A non-parametric bootstrap procedure was conducted to further investigate bias and precision of the parameter estimates.
Simulations
The final FVIII activity population PK model was used to simulate FVIII activity-time profiles (i) in patients given single doses of 20, 30, 40 and 50 IU kg À1 rVIII-SingleChain, and (ii) at steady state following multiple dosing scenarios, i.e. 20, 30, 40 and 50 IU kg À1 intravenous administration every 2 days, every 3 days, twice weekly (dosing every 3.5 days or on days 0 and 3), and three times weekly (dosing on days 0, 2, and 4.5, or on days 0, 2, and 4). For these simulations, the individual WT and VWF levels of the patients included in the population PK modeling were used in the simulation dataset, with a 10-min infusion time being assumed. For each simulation scenario, 1000 replicates of the simulation datasets were performed. The median and 90% prediction intervals of the simulated FVIII activity-time profiles were calculated and constructed graphically for different dosing regimens. For single-dose simulations, the time needed to maintain FVIII activity above 1 IU dL À1 was predicted. For multiple-dose simulations, the FVIII steady-state median (90% prediction intervals) activity and the percentage of patients with activity above 1 IU dL À1 at the end of the dosing interval were derived for each dosing regimen. Although no BLQ data were utilized in the model development, the model-based simulations may, on occasion, have predicted activity levels below the assay LLOQ, related to the variability of baseline estimation.
Results
PK model development
The data analyzed were best described by a two-compartment PK model that included structural parameters for CL, V 1 , intercompartmental clearance, peripheral volume of distribution, endogenous FVIII activity, and residual contributions from previously administered FVIII products. IIV was estimated for CL, V 1 and endogenous FVIII activity only, although no covariate analysis was conducted on endogenous FVIII activity. A thorough covariate analysis for CL and V 1 indicated that WT and VWF were significant descriptors of CL, and that WT was a significant descriptor of V 1 . The final model incorporated these significant covariates and accounted for the correlation between CL and V 1 . An additional analysis was also performed to examine the correlation between WT-adjusted CL and that of WTadjusted V 1 and volume of distribution at steady state. The correlations are shown in Fig. S1 . All parameters of the final PK model (Table 3) were estimated with reasonable precision (relative standard error of the estimate of < 26%). The shrinkage in IIV estimates (2.13%, 5.18% and 60.6% for CL, V 1 and endogenous FVIII activity, respectively) indicated a reasonable distribution for the estimation of subject-specific random effects.
The final FVIII population PK model equations for CL and V 1 were as follows:
Model validation
On the basis of the VPC, the final FVIII activity population PK model provided a good description of the data. Observed median FVIII activity concentrations, and the observed 5th and 95th percentiles, were consistently within the 90% prediction intervals for each parameter derived from the PK model (Fig. 1) . Moreover, after stratification by age (< 12 years and ≥ 12 years), the VPC confirmed that the model adequately described the PK for the two age groups (Fig. S2) . In addition, the GoF plots described the observed data with no systematic bias in model predictions (Fig. S3) .
PK simulations
The final PK model was used to determine the (population) probability and (individual) durations above a target 1 IU dL À1 level of FVIII activity, evaluated separately for the different age groups: < 6 years, ≥ 6 to < 12 years, and ≥ 12 years. Simulations were performed according to two key assumptions: (i) PK linearity at doses between 20 and 50 IU kg
À1
; and (ii) the endogenous FVIII activity levels not being > 1 IU dL À1 FVIII activity in order to be consistent with both the plasma level in severe hemophilia A (FVIII activity of < 1 IU dL
) and the inclusion criteria for both studies.
Single-dose simulations
The median (90% prediction interval) and 25th percentile duration for which FVIII activity (which included endogenous FVIII activity and rVIII-SingleChain activity) was maintained above 1 IU dL À1 with 20-50 IU kg À1 dose scenarios are shown in Table 4 for the overall study population (pediatrics and adults).
Multiple-dose/steady-state simulations at day 7.
The predicted steady-state total FVIII activity profiles for rVIII-SingleChain in different dosing scenarios for all age groups are shown in Fig. 2 studies. Population PK models have been previously demonstrated to constitute a useful methodology for the PK characterization of a rFVIII product [12] . The current population PK model was best described by a two-compartment model with linear elimination (on a logarithmic scale) that included a population estimate of baseline FVIII activity. The model estimated a mean baseline FVIII activity of < 1 IU dL À1 , which is consistent with the inclusion criteria for patients with severe hemophilia A (< 1 IU dL
À1
) in the clinical studies of rVIII-SingleChain. The model identified key sources of variability in the clearance and distribution volume of rVIIIÀSingleChain, and was used to simulate trough levels of FVIII activity for different clinically relevant dose regimens of rVIII-SingleChain in patients with severe hemophilia A.
WT, as a covariate, was a key descriptor of the variability in rVIII-SingleChain PK, and was correlated significantly with both CL and V 1 . Inclusion of pediatric patients in the model provided a wide WT range (10-106 kg) in the dataset, thereby enabling the estimation of allometric exponents. The effect of WT on rVIII-SingleChain CL was estimated with an allometric exponent of 0.756, which is similar to the common clinical pediatric weight-scaling exponent value of 0.75 for CL [19] . The exponential relationship observed between rVIII-SingleChain CL and WT is consistent with the observed FVIII PK profiles, where CL was higher (on a per kg WT basis) in the lighter patients. Age, in addition to WT, has previously been reported to be an important covariate of PK in patients with severe hemophilia A [12] . However, incorporating an age effect in addition to WT on CL in the present analysis did not provide further improvement of the model or explain the additional variability in the parameter estimates. A likely explanation for the apparent lack of an effect of age is the strong correlation between age and WT in the pediatric population, leading to colinearity. WT was also identified as a significant covariate on V 1 , with an estimated allometric exponent of 0.903, which is close to the theoretical value of 1.0 in scaling PK distribution volumes [20] . Baseline VWF was also a major covariate on CL of rVIII-SingleChain, with increasing VWF levels being associated with lower CL. This finding is consistent with a previous PK study examining the effects of VWF levels on FVIII PK in patients with severe hemophilia A. In that study, increasing levels of endogenous VWF were correlated with lower CL and an extended half-life of FVIII [21] . However, prior to the current analysis, the impact of VWF on FVIII PK had not previously been evaluated with population PK analysis. To illustrate the magnitude of this impact, our model predicts that a 68-kg subject with a baseline VWF value of either 113% . The twice weekly dosing regimen offers the significant clinical advantage in the pediatric population of avoiding early-morning intravenous infusions during the week. For example, dosing every 3.5 days would allow infusions on Wednesday evening and Sunday morning, with most of the patients maintaining FVIII trough levels above 1 IU dL À1 .
The application of this model is not limited to PK predictions; it also has the potential to predict individualized dosing and estimate individual half-life. Prior publications have utilized a limited number of PK samples with patient characteristics (e.g. WT) and have employed Bayesian estimation approaches [24] . A potential limitation of the current analysis is that the dose regimens used in the simulations were not identical to those used in the clinical studies for observed PK characterization. The FVIII simulations, which were performed over the dose range of 20-50 IU kg À1 , were based primarily on observed PK linearity over a dose range of 45-60 IU kg À1 . The assumption of PK linearity is further supported by data from other rFVIII replacement therapies (rFVIIIFc and Advate Ò ) that have shown approximately linear PK between the doses of 25 and 65 IU kg À1 [25] .
In conclusion, the population PK model developed here characterized the PK of rVIII-SingleChain as a function of patient endogenous FVIII activity, WT, and VWF levels. The PK parameters estimated by the model correlated well with the observed clinical PK data, indicating that this model is suitable for predicting FVIII activity levels in patients treated with rVIII-SingleChain at a population level and a subpopulation (e.g. pediatric) level. The variability in FVIII activity was not significantly associated with any demographic or clinical covariate, apart from WT and VWF level. The developed model was utilized for extensive dosing regimen evaluation, confirming that the administration of rVIII-SingleChain 20-50 IU kg À1 twice or three times weekly is an acceptable treatment option for patients with severe hemophilia A. 
